transmission of ZIKV is a significant route of infection. ZIKV has been documented in 48 human, mouse and non-human primate (NHP) semen. It is critical to establish NHP 49 models of vertical transfer of ZIKV that recapitulate human ZIKV pathogenesis. We 50 hypothesized that vaginal deposition of ZIKV infected baboon semen would lead to 51 maternal infection and vertical transfer in the olive baboon (Papio anubis). Timed 52 pregnant baboons (n=6) were inoculated via vaginal deposition of baboon semen 53 containing 10 6 ffu ZIKV (n=3, French Polynesian isolate:H/PF/2013, n=3 Puerto Rican 54 isolate:PRVABC59) at mid-gestation (86-95 days gestation [dG] ; term 183dG) on day (d) 55 0 (all dams), and then at 7 day intervals through three weeks. Maternal blood, saliva and 56 cervico-vaginal washes were obtained at select days post-inoculation. Animals were 57 euthanized at 28 days post initial inoculation (dpi; n=5) or 39 dpi (n=1) and maternal/fetal 58 tissues collected. vRNA was quantified by qPCR. Viremia was achieved in 3/3 FP ZIKV 59 infected dams and 2/3 PR ZIKV. ZIKV RNA was detected in cvw (5/6 dams;). ZIKV RNA 60
INTRODUCTION 92
The propagation of Zika virus (ZIKV) represents a worldwide reproductive health 93 crisis given the virus's geographic distribution and severity of its effect on the developing 94 timeline (Idexx ProCyte DX hematology analyzer; Idexx laboratories, ME). CBCs 219 included analysis for red blood cells (RBCs), hemoglobin, hematocrit and platelet count. 220
221

One-step quantitative reverse transcription PCR 222
Primers and probes used for qRT-PCR were designed by Lanciotti et al (24) ( Table 2) . 223 RNA was isolated from maternal and fetal tissues ( Table 3 and Concentration of the viral RNA (copies/milliliter) was determined by interpolation onto a 230 standard curve of six 10-fold serial dilutions (10 6 to 10 1 copies/ml)) of a synthetic ZIKV 231 RNA fragment available commercially from ATCC (ATCC VR-3252SD). The cutoff for 232 limit of detection of ZIKV RNA was 1x10 2 .
233
ZIKV ELISA 234
ZIKA specific IgM and IgG antibody responses were assessed in the serum samples 235 using the commercially available anti-ZIKV IgM (#ab213327, Abcam, Cambridge, MA) 236
and IgG (#Sp856C, XpressBio, Fredrick, MD) ELISA kits. Briefly, a 1:100 for IgM and 237 1:50 for IgG serum dilution was performed in duplicate and added to the pre-coated 238 plates available in the kits. The assays were performed using the manufacturer's 239 instructions and the assay was read at 450 nm for IgM and 405 nm for IgG antibodies in 240 the serum. 241
242
Immunofluorescence 243
For IF, slides were baked for one hour at 56 o C, deparaffinized, and HIER was performed 244 in the Retriever 2100 with R-Universal Epitope Recovery Buffer (62719-10 lot 180314. 245
After retrieval, slides were blocked in 5% normal donkey serum for 1 hour, then primary 246 antibodies in 0.5% normal serum were added and incubated overnight, humidified, at 247 The next morning slides were removed from 4 o C and allowed to equilibrate to RT, 249 covered, on the benchtop for 1 hour. Slides were rinsed 4 x 5 minutes with PBS, then 250 secondary antibodies were added and incubated 1 hour, covered, at RT. Donkey anti-251 mouse IgG F(ab')2 AlexaFluor 594 (Jackson Immunolabs) was used as secondary 252
antibody. Slides were rinsed in PBS, counterstained 5 minutes with DAPI in PBS and 253 cover slipped using Shur/Mount. Cover glass were sealed with nail polish and slides 254 were stored at 4 o C and visualized using a fluorescent microscope (Olympus BX40). 255
Images were captured using CellSens imaging software (Olympus). 256 Viral load data post infection in whole blood and saliva 282 283 Viral RNA was quantified by one-step qRT-PCR in RNA extracted from the blood and 284 saliva samples. ZIKV RNA was detected in the blood of all animals infected with the FP 285 isolate of ZIKV and two of the three animals infected with the PR isolate of ZIKV ( Figure  286 1). Among the dams infected with the FP ZIKV isolate, ZIKV RNA was detected in the 287 blood of all three dams, with dam FP1 viremic at 7 and 11 dpi, dam FP2 viremic at 4 and 288 7 dpi and dam FP3 viremic at 4 and 7 dpi ( Figure 1A) . Among the dams infected with 289 the PR ZIKV isolate, ZIKV RNA was detected in the blood of 2 of 3 dams; dam PR1 was 290 viremic at 7, 11, 14 and 28 dpi, dam PR2 was viremic on 4, 7 and 14 dpi. ZIKV RNA 291 was never detected in the blood of dam PR3 at any time point examined (4, 7, 11, 14, 292 21, 28 or 35 dpi) ( Figure 1B) . 293
257
RESULTS
258
In the two dams infected with the FP ZIKV isolate, ZIKV RNA was detected in the saliva 294 at 11 and 14 dpi (FP1) and on 11 dpi (FP2) (Figure 1C ). In the two animals infected with 295 the PR ZIKV isolate, ZIKV RNA was detected in the saliva at 11 dpi (PR1) and 7 and 14 296 dpi (PR2) (Figure 1D) . 297
ZIKV shedding into cervico-vaginal washes (CVW) 299
ZIKV RNA was detected in the CVW of all three dams infected with the FP isolate of 300 ZIKV and two of the three dams infected with the PR isolate of ZIKV. ZIKV RNA was 301 detected in the CVW at 4, 11, 14, 21 and 28 dpi in dam FP1, 11 and 14 dpi in dam FP2 302 and 4 and 14 dpi in dam FP3 (Figure 1E ). In the PR ZIKV infected dams, two had ZIKV 303 RNA in the CVW; 4, 11, 14, 21 and 28 dpi for PR1 and 14 and 21 dpi for dam PR2 304 ( Figure 1F) . 305
306
ZIKV RNA in maternal tissues 307
In maternal reproductive tissues (uterus, cervix, vagina, ovaries), ZIKV RNA was not 308 detected in any of the animals inoculated with the FP ZIKV isolate. ZIKV RNA was 309 detected in the uterus of two of the animals inoculated with the PR isolate (dams PR1, 2) 310 and in the vagina of two dams (PR1, 3). ZIKV RNA was present in all of the maternal 311 lymph nodes assessed (axial, mesenteric, inguinal) except for the mesenteric nodes of 312 dam FP3 and the axial lymph nodes of dam PR3 (Table 3) . 313 314 315 ZIKV shedding into fetal tissues and placenta 316 ZIKV RNA was not detected in any of the fetal tissues (cord blood, cortex, cerebellum, 317 umbilical cord, fetal membranes, spleen, lung, liver, eye, gonads, stomach, intestine, 318 and optic nerve; data not shown). 319
Placentas from each dam were sampled from six different locations (different 320 cotyledons). In the animals infected with the FP ZIKV isolate, ZIKV RNA was not 321 detected in any cotyledons sampled. In the animals infected with the PR isolate, ZIKV 322 RNA was detected in two of the animals (PR1, 2). In one of these animals, ZIKV RNAwas detected in five cotyledons sampled (PR1), and in the other animal, ZIKV RNA was 324 detected in four cotyledons sampled (PR2) ( Table 4) In the present study, we describe the ZIKV infection of six timed-pregnant olive 390 baboons at mid-gestation (86-95 dG; term ~183 dG) following vaginal deposition of 1 mL 391 baboon semen containing 1 x 10 6 pfu of either the FP or the PR isolates of ZIKV. We 392 chose the FP isolate based on our prior study where we demonstrated vertical transfer 393 following subcutaneous inoculation with the FP isolate that resulted in both fetal demise 394 as well pronounced fetal CNS pathology (25). A retrospective study of the ZIKV 395 epidemic in French Polynesia (circa 2013) noted that this was the first instance 396 associating ZIKV to microcephaly and congenital ZIKA syndrome (CZS) (21, 26). It was 397 later reported that the FP isolate differs from the ancestral Asian ZIKV lineage from 398 which it was derived, with a mutation in the prM protein (S139N), which has been stably 399 maintained throughout the virus's dissemination throughout the Americas (Fig 8) . This 400 mutation is associated with enhanced infectivity in human neural progenitor cells (NPCs) 401
and yielded a more significant microcephaly in mice (27). We selected the PR isolate to 402 compare to the FP isolate to examine for increased rates of vertical transfer, since itharbors the S139N mutation and has also acquired several additional point mutations 404 resulting in amino acid substitutions, some being common with the Brazilian isolate(s) 405 (28). Similar to the increased incidence of CZS noted in the Brazilian ZIKV epidemic 406 (compared to the French Polynesian estimates), a recent study by CDC reported that 407 one in seven children born from women with confirmed or possible ZIKV infection during 408 gestation in Puerto Rico had a birth defect or neurodevelopmental abnormality 409 suggesting possible mutations in this ZIKV isolate may contribute to the increased viral 410 replication and neurovirulence compared to the FP strain (29) . 411 412
In the current study, ZIKV inoculations were repeated at seven-day intervals until 413 viremia was evident via qPCR or through three inoculations if no viremia was observed 414 (one PR infected dam). We chose multiple inoculations to mimic probably repeat 415 intercourse in human couples. Viremia was achieved in all dams except one of the three 416 baboons inoculated with the PR isolate noted between days 4 and 14 post infection (Fig  417   1) . In those animals inoculated with the FP isolate, resolution was noted by day 14 post 418 infection, while in dams inoculated with the PR isolate, one dam had resolution by day 419 11 post infection with reemergence at day 14 post infection with resolution noted again 420 at day 21 post infection (PR 2). The other PR dam (PR 1) had resolution by day 21 post 421 infection and reemergence at day 28 post infection. The course of viremia in response to 422 vaginal delivery of ZIKV infected semen differed from that described in our previous 423 study in mid-gestation pregnant baboons subcutaneously inoculated with FP isolate of 424 ZIKV where viremia was resolved by 14 dpi (25). Therefore, the route of infection with 425 ZIKV seems to affect the length of viremia and may even affect resolution and re-426 emergence of the virus. We can speculate that the re-emergence of the virus could be 427 attributed to the virus from several reservoirs where ZIKV has been found to persist, 428 including the gastrointestinal tract, the cerebrospinal fluid, and the lymph nodes. Thesetissues have been shown to persistently harbor ZIKV despite a robust immune response 430 (21, 25, (30) (31) (32) . We found persistence of ZIKV RNA in both reproductive tissues as well 431 as lymph nodes at the end of the study, serving as possible reservoirs for viral re-entry in 432 the present study. While the lymph nodes were found to contain ZIKV RNA at the 433 termination of the study in both FP and PR isolate inoculated dams, only the PR dams 434 exhibited re-emergence of viremia (Table 3 ). This could be either strain related from an 435 increased virulence of the PR isolate or from the reproductive tissues since only the PR 436 isolate inoculated dams exhibited vaginal or uterine ZIKV RNA at the study termination. shown sexual transmission of ZIKV through mating of ZIKV infected male mice with 444 ZIKV naïve female mice and in utero transmission in pregnant mice due to sexual 445 transmission (20, 33, 34) . 446
Studies have shown extended viremia in pregnant macaques following 447 subcutaneous inoculation where viremia is characteristically prolonged for several weeks 448 to months (35-37). It has been proposed that the prolonged or re-emergence of viremia 449 in macaques could be from tissues harboring ZIKV including placenta (38). It is also 450 noteworthy for the latter that only the PR isolate inoculated baboon dams exhibited ZIKV 451 RNA in the placenta. In humans, viremia lasting up to 53 days has been reported (24), 452 but more typically it is short in duration, lasting three to seven days (39). We cannot, 453 however, discount the possibility that we could have seen extended viremia in the onePR dam (PR1) post 28 dpi and/or re-emergence on a different time point in any of the 455 dams had we extended the study for a longer duration rather than termination at 28dpi. 456
In addition to the differences in viremia in terms of duration, resolution and re-457 emergence between the FP and the PR ZIKV isolates, it is of potential interest that the 458 two dams inoculated with the PR isolate had viremia levels one to two orders of 459 magnitude compared to the FP isolate inoculated dams (Fig 1) . Whether this can be 460 attributed to a greater capacity for infectivity by the PR isolate or simply variability in a 461 small cohort study remains to be determined. In the FP cohort, ZIKV RNA was detected continuously in CVW of dam FP1 from 481 4 through 28 dpi while resolving by 21dpi in dams FP2, 3. In the PR infected cohort, 482 ZIKV RNA was detected in the CVW of dam PR1 from 4dpi through 28 dpi whereas in 483 dam PR2, ZIKV RNA was not detected until 21dpi and resolved by 28dpi (Fig 1E,F) . 484
The delayed detection of ZIKV RNA in the wash of PR3 may reflect that this dam was 485 not infected by vaginal semen inoculation until the 3 rd attempt (day 14 post-initial 486 inoculation) and also may help explain the lack of viremia observed in this dam. The 487 longer presence of vRNA in CVW is distinct from blood and saliva and could contribute 488 to the re-emergence of viremia in dam PR1 (14 days non viremic between last viremic 489 time point and re-emergence) and dam PR2 (7 days non-viremic between last viremia 490 time point and re-emergence). However, it is noteworthy that the FP dams did not show 491 re-emergence of viremia even though one (FP1) had prolonged virus in the CVW (28 492 dpi). This may be possibly related to differences in infectivity of the two isolates. 493
In addition to the fluid compartments, we found ZIKV RNA persisting in the lymph 494 nodes of all animals from both FP and PR isolate cohorts. In rhesus macaques, ZIKV 495 RNA has been detected in the lymph nodes for 5 to 6 weeks post infection (30) . our inability to detect ZIKV RNA in the cervix in this dam (and the others) is related to its 510 restriction to the epithelial layer and not stroma. In the cervix, the majority of the tissue 511 is stromal and our tissue sampling for RNA analysis excluded epithelium. Alternatively, 512 since the epithelium represents such a small contribution to the total RNA from cervix (vs 513 stroma) that ZIKV RNA was below the exclusion limit for detection (1x10 2 copies) that we 514 set. In the PR isolate cohort, the cervix of all three dams were positive for ZIKV IF. Dams 515 PR1 and 3 had detectable ZIKV RNA in the vaginal tissue. It is noteworthy that the 516 vagina, which is continuous with the cervix, differs from the cervix in that it has a large 517 stratified squamous epithelium that may help in harboring the virus. Dams PR1 and 2 518 were positive for ZIKV (RNA and protein) in the uterus as well, and positive ZIKV IF 519 staining in the fetal membranes and placenta of the same two PR infected dams 520 suggests possible spread of ZIKV to the fetus per se had the study been for a longer 521 Recruitment of macrophages into the cervical stroma has been described during 532 late gestation and proposed as playing an essential role in the remodeling of cervical 533 stroma tissue, essential for cervical ripening in preparation for parturition (40). The cervix 534 is referred to as the "gatekeeper" of pregnancy and as such, a premature recruitment of 535 immune cells into the cervix in response to lower reproductive tract infection has been 536 proposed to induce premature loss of cervical integrity playing a key role in pre-term 537 birth. Cervical macrophage infiltration is well reported in pre-term and term cervix in 538 human and animal models (41). Abortion and preterm birth are well described in 539 response to ZIKV in humans and NHPs including baboons, as we have described (25) . 540 Macrophages can induce cervical connective tissue remodeling via their expression of 541 matrix metalloproteinases (MMPs), and various other factors that help in the breakdown 542 of collagen and junction proteins resulting in the loss of cervical epithelial integrity 543 required for cervical ripening (42). In relation to this, we observed ZIKV IF in the cervix of 544 one FP isolate inoculated dam and all three PR isolate inoculated dams (Fig 3) . For 545 both isolates, the ZIKV IF was localized to the epithelial layer of the cervix in both endo-546 and ectocervical regions. The strongest ZIKV IF intensity was localized at the basal 547 aspect of the epithelial cells at the junction with the stromal layer, which consists 548 primarily of fibroblasts and smooth muscle cells. Macrophage IF was observed in both 549 the FP isolate dam exhibiting ZIKV IF in cervical epithelium as well as all three ZIKV IF 550 positive PR isolate dams in the epithelium (Fig 4) . Relative to this, macrophages were 551 routinely observed in the cervix of only the FP isolate dam with cervical ZIKV IF and the 552 three PR isolate dams. In the FP dam, macrophages were observed in the stromal 553 tissue immediately adjacent to the epithelium, indicative of recruitment (of monocytes) inresponse to the virus itself or from a local inflammatory reaction in response to ZIKV 555 infection of epithelial cells. In the PR infected dams, macrophages were also noted 556 adjacent to the epithelial layer as well as deeper in the stromal tissue, possibly indicating 557 potential breakdown of the epithelial-stromal barrier and entry of virus into the stromal 558 tissue. In contrast, FP dams with no ZIKV IF staining in cervix had only occasional 559 macrophage staining in the stromal layer, typically scattered throughout the stroma. It is 560 possible that the recruitment of macrophages due to ZIKV infection of the cervix through 561 vaginal route at mid-gestation may induce breakdown of epithelial cell barrier and 562 integrity similar to during cervical ripening at term. This breakdown could potentially lead 563 to viral access to the adjacent reproductive tissues such as the uterus and placenta but 564 more importantly, fetal membranes which lie at the top of the cervical canal thus 565 amniotic sac and fluid and ultimately, the fetal compartment, thus exposing the fetus to 566
Zika viral infection. 567
Vertical transfer of ZIKV in macaques appear to be very efficient, described to 568 occur at near 100% following infection using various isolates of ZIKV including FP (37, 569 38), PR (31, 35, 43), BR (32, 44) and RIO (45, 46) isolates. While we observed no 570 placental infection in the FP isolate inoculated pregnancies, vertical transfer to the 571 placenta was observed (both RNA and IF) in two of the three animals infected with the 572 PR isolate (Fig 5) . In these two animals (dams PR1, 2), ZIKV RNA was detected in 573 multiple cotyledons indicating widespread targeting of the placenta. Similar to our prior 574 study infecting dams with the FP isolate (25), ZIKV IF was noted in the trophoblast cells. 575
Since the one PR isolate inoculated dam without placental ZIKV targeting also was the 576 dam with no noted viremia and latent detection in the CVW, this animal may have been 577
infected by a later inoculation while it is clear that dams PR1 and 2 were infected at the 578 first inoculation based on viremia, exhibited ZIKV RNA in the uterus and had prolonged 579 re-emergence of viremia (prolonged viremia) in these two PR inoculated dams, we 590 predicted that vertical transfer would have occurred in these baboons at a later period, 591
Further studies are needed to follow intravaginally ZIKV infected pregnant baboons for 592 longer periods post-infection to better understand the fetal outcome of delayed viremia 593 and potential re-emergence from immune privileged sites harboring ZIKV such as the 594 lymph nodes. 595
With regard to the adaptive immune response to ZIKV infection, all six of the 596 baboons inoculated with ZIKV developed ZIKV-specific IgM and IgG responses (Fig 2) . 597
IgM production following ZIKV infection was noted in all animals at variable times which 598 indicated that the maternal immune system had access to the virus despite the lack of 599 viremia in one of the three animals inoculated with the PR isolate. While, IgG titers were 600 detected in all the dams 21 dpi, this was either too slow or inadequate to prevent spread 601 of the virus to various reproductive tissues. It is noteworthy that the IgM and IgG 602 response was also delayed in the dam inoculated with the FP isolate that displayed 603 delayed viremia (11 dpi; FP3), being observed initially at 21 days (IgM) and 35 dpi (IgG). several other residues, some common with the Rio isolate (Fig 8) . How these mutations 620 may have increased virulence remains equivocal. However, viral modulation of the host 621 immune response is a necessary factor for infection of the host and propagation of the 622 progeny virus. All viruses must encode for at least one protein in their genome to 623 modulate the host response to establish a successful infection. In the case of 624 flaviviruses, many of the nonstructural proteins interact with cellular signaling cascades 625 to instate a favorable environment for viral replication through resistance of host defense 626 mechanisms (47). For flaviviruses, host response modulation is focused on the 627 interferon response, and the level of modulation is directly proportional to pathogenicity 628 as well as host species specificity (48). The increased virulence noted here for the 629 Puerto Rican Strain (PRVABC59) compared to the isolate from French Polynesia 
